fractures (2) . Factors that have been postulated to result in delayed union or nonunion include a lack of adequate blood supply provided by extraosseous soft tissue, lack of stable fixation, large fracture gaps, and interposition of soft tissue between the ends of the fractured bone (1, 2, 7-9).
Thus, the surgeon's goals in fracture repair should include rigid fixation, anatomic reduction, and preservation of blood supply (7, 9, 10) .
The tibia of all mammalian species is prone to complications associated with fracture healing because of the limited soft tissue overlying the bone along its entire medial surface. This lack of soft tissue coverage makes these fractures more susceptible to open fracture, stripping of the periosteum, and delayed revascularization of the bone (2, 6, 11) . Periosteal stripping has been shown to reduce cortical blood flow initially by 20% in a sheep model (12) , and fracture healing, in its early stage, is dependent on the periosteal blood supply. The lack of intramedullary arterial supply early in the healing process, combined with a paucity of extraosseous blood supply in the form of soft tissue and periosteal vascularization, contributes to delays in fracture healing (2, 6, 9) .
The most common sites for nonunion fracture healing in dogs are the radius and ulna, femur, and humerus (2, 7, 11, 13, 14) . Although marginal vascular supply to the tibia has been implicated as a significant cause of delayed union and nonunion fracture healing complications in cats, dogs seemingly do not experience the same degree of delayed union and nonunion. Therefore, dogs can provide a model for comparison to determine if the intramedullary arterial supply of the feline tibia is adequate for fracture healing or whether it should be considered as a potential factor in delayed union and nonunion feline tibial fractures.
Although a poor arterial supply to the tibia has been anecdotally reported as a significant risk factor for delayed union and nonunion complications (2, (7) (8) (9) , there exists no detailed description of the intramedullary arterial anatomy of the feline tibia. One objective of this study was to provide an accurate delineation of the intramedullary arterial supply of the adult feline tibia.
Additionally, the study aimed to determine if the arterial supply is significantly different from that of adult dogs, suggesting a causal link to delays in fracture healing. Our null hypothesis was that the intramedullary arterial density and the diameter of the nutrient artery in the adult feline tibia is the same when compared to an age and size matched dog.
CHAPTER II REVIEW OF LITERATURE TIBIAL FRACTURES
Veterinary literature has provided incidence rates for feline tibial fractures; the tibia is the second most commonly fractured long bone in cats. Harari summarizes some of the findings documented in veterinary literature (1), which are provided below (Table 1) . 
BLOOD SUPPLY -NORMAL LONG BONE
In order to determine whether or not a difference in the tibial intramedullary arterial supply between dogs and cats exists, it is important to understand the normal blood supply to a long bone. Adequate blood supply is necessary for any physiologic process to occur in a normal functioning bone (10) . Normal circulation to long bones consists of an afferent supply from three sources: the proper nutrient artery, proximal and distal metaphyseal arteries, and periosteal arteries (10, 15, 16) .
The proper nutrient artery arises from a principal artery (i.e. caudal tibial artery, a branch of the popliteal artery) and courses through the extraosseous fascia until it penetrates the bony cortex along a major fascial attachment within the proximal third of the tibial diaphysis. The nutrient artery travels through the cortex to the medullary cavity, where it divides into ascending and descending branches. These branches further divide into arterioles, which radiate from the nutrient artery. The arterioles enter the cortex, thus supplying the inner two-thirds of cortical bone. Approximately 30% of the blood flow is directed to the medullary cavity while the remaining 70% supplies the cortices (16) .
Metaphyseal arteries are branching arteries from neighboring systemic vessels. In healthy bone, these vessels do not provide a substantial contribution to the afferent vascular system. Instead, these vessels serve as an efferent supply from the metaphysis as their terminal branches anastamose with arterioles of the proper nutrient artery at the ends of the medullary cavity (16) .
With damage to the proper nutrient artery, the metaphyseal arteries can alternately hypertrophy and assume cortical blood supply until the intramedullary arterial supply is re-established.
Periosteal arterial supply is well developed in the immature animal. The blood supply is oriented longitudinally within the periosteum. The enhanced blood supply in the young patient is important in allowing growth of long bones. As the patient matures the periosteal arterioles atrophy and contact bony surfaces at ligamentous or fascial attachments (17) . It is at these attachments that the periosteal arteries supply the outer one-third of the bony cortices. Terminal branches of the periosteal arterioles anastamose with the medullary arterioles within the cortices.
Hulse et al. state that under normal conditions, the direction of blood flow through the diaphysis is centrifugal, from the medullary canal to periosteum (10) . Medullary pressure created by this pattern of blood flow likely restricts periosteal blood flow from supplying any more than the outer one-third of the cortex. Remedios adds that the drainage of blood via the efferent vascular system occurs primarily in a centripetal direction (16) . Likewise, Rhinelander and Trueta state that blood flow following a fracture is altered from its normal centrifugal orientation to a centripetal orientation (17, 18) .
In both adult and immature animals, the cortex and medullary cavity are drained separately.
Within the medullary cavity, the venous branches empty into sinusoids, which pool into a central medullary sinus. Accompanying veins and the nutrient vein penetrate the cortex to return blood to the venous circulation. Before proceeding into systemic circulation, blood from the cortex flows toward the periosteal surface and empties into venules that join periosteal veins (16 Platelets release vasoactive mediators secondary to activation of the coagulation cascade and growth factors (eg. transforming growth factor-β, fibroblast growth factor, platelet derived growth factor). Blood vessel endothelial cells release platelet derived growth factor, nerve tissue produces fibroblast growth factor, macrophages produce interleukin-1, and fibroblasts secrete platelet derived growth factor and TGF-β. These growth factors collectively stimulate the proliferation of repair tissue in the second phase of healing (21) .
In addition to hematoma formation, the inflammatory phase is initiated coincidentally by the stimulus to remove devitalized osteocytes within the adjacent fractured bone (19) . The first cell to migrate to the site of injury is the polymorphonuclear leukocyte. Soon after, monocytes and Tlymphocytes arrive at the site of injury (20) . 
DELAYED AND NONUNION FRACTURE HEALING
In addition to identifying the normal blood supply and fracture healing of a long bone, it is important to understand factors that play a role in delayed union and nonunion fracture healing complications. Across species, delayed union can be defined as a fracture that has not healed within a time expected. However, there is evidence of fracture healing present. Alternatively, nonunion is a condition in which all healing has ceased (2 Multiple factors contribute to delays in fracture healing, including delayed union and nonunion.
One cause of delayed fracture healing can be a lack of extraosseous soft tissue, either due to location of the fracture or severe soft tissue damage associated with underlying trauma. A tibial fracture model was created in a population of rats to determine if soft tissue damage significantly affected healing times (23) . The study concluded that no detectable difference in fracture healing existed between tibial fractures with and without soft tissue damage, beyond the first three days of healing. In fact, hypervascularization was noticed in the soft tissue trauma group by days seven and 14 (23) . The findings of this study confirm that other associated causes for delayed fracture healing in feline tibial fractures exist.
Other factors that can contribute to delayed union or nonunion fracture healing include lack of fracture stability, lack of adequate blood supply, large fracture gaps, interposition of soft tissue between fracture gaps, comminuted fractures, poor nutrition, advanced age, metabolic disturbances, infection, radiotherapy, corticosteroid use, and anticoagulant administration (7, 9, 10, 24, 25) . With comminution, it is likely that periosteal stripping and disruption of the soft-tissue envelope play a significant role in delayed fracture healing. In healthy animals, the periosteum is composed of two layers, an inner osteogenic layer and outer fibrous sleeve (16) .
The inner layer provides osteogenic cells (precursors for osteoblasts) for growth of the immature skeleton and fracture healing. The outer layer is supportive and carries the vascular and nerve supply to the surface of the cortical bone. Damage to the periosteum could, therefore, result in delayed revascularization of bone early in fracture healing.
MICROVASCULAR PERFUSION TECHNIQUES
Many techniques can be used to describe the microvascular circulation of a tissue substance. The desired vasculature must be injected with a medium that can allow for subsequent vascular visualization and analysis. India ink a vascular perfusion is commonly described in human and veterinary literature as a valid infusion medium. The ink coats the vascular bed with a black color, allowing for unobstructed visualization of otherwise indistinguishable blood vessels.
Alternate injection media include silicone rubber compounds (Microfil), latex rubber, Micropaque (Barium sulfate suspension in saline), and a gelatin cast. Each of the substances listed must be injected under constant physiologic manual pressure. Microfil polymerizes after injection to form a cast of the selected vascular bed (26) . This technique was successfully used in a rabbit femur model as a framework for future microvascular injection studies (26) . Latex rubber, when injected at ten pounds per square inch (psi) for 35 seconds (100ml) in a human model, has been shown to result in adequate perfusion (27) . Similarly, micropaque injected at 6-7 psi for 5-10 minutes also resulted in adequate perfusion (27) . Veins are not filled with microvascular perfusion techniques because fluid run-off is too rapid. Therefore, specimens are adequate representations of the afferent vascular system.
An alternate method to injection of the afferent vascular system is immunohistochemistry. to reduce the damage that was occurring in non-buffered specimens (28) .
Methods for the modified Spalteholz technique for bone include decalcification, rinsing, bleaching, dehydration, clearing, and storage. Decalcification is performed by using a buffered solution of hydrochloric acid. Decalcified specimens are then rinsed prior to being bleached. The bleaching process uses either a 10% or 15% dilution of hydrogen peroxide. Dehydration of the specimens is performed by using ethyl alcohol at various dilutions. During this process, the specimens must be kept in an airtight container due to the evaporative properties of ethyl alcohol.
In addition, placing tissues under vacuum pressure during this stage and following stages can help encourage tissues to become transparent and reduces the chances of tissue shrinkage (28 history. All animals were obtained from shelter programs after being euthanized for reasons other than orthopedic disease or the purposes of this study. Dogs selected were required to weigh less than 11.5kg, limiting intramedullary arterial variability that may exist between varying sizes. The right and left pelvic limbs from each cadaver were randomly assigned to one of two groups for gross evaluation using a randomized numerical table. The group labeled A referenced those specimens that were processed first. The group labeled B referenced those processed second.
Sixty feline and 30 canine limbs were processed.
SPECIMEN PREPARATION
Each cadaver was placed in dorsal recumbency within a maximum of one hour following euthanasia. The femoral artery and vein in each limb was exposed and the limb prepared as previously described (29) (30) (31) (32) for cats, 35-50ml for dogs) until the ink was visible in the nail beds and/or footpads ( Figure 1 ).
Each pelvic limb was disarticulated at the coxofemoral joint and placed in 10% neutral buffered formalin for five days to ensure fixation. An incision has been made in the footpad; observe the presence of black ink infiltrating the footpad (arrow).
After fixation, each tibia was harvested by stripping all soft tissue from the surface. The tibiae were sectioned into serial 5.0mm sagittal sections from medial to lateral using a bench top band saw. Although each feline tibia contained approximately 2-3 sections and each canine tibia 3-5 sections, only the central 1-2 sections spanned the entire length of the bone and therefore of adequate length for evaluation. The sectioned tibiae were placed back into formalin until a modified Spalteholz bone clearing technique could be performed (29, 30, 32) . This technique produced clear macroscopic specimens, allowing for unobstructed visualization of the injected intramedullary arterial supply (Table 2) . canine limbs remained available for analysis; however, some limbs were from the same animal.
In animals where both limbs were adequately perfused (two cats, eight dogs), the limb with the best perfusion was used for statistical evaluation. Using only one limb prevented duplication of results, under our knowledge that there was no significant difference in arterial blood supply between both hindlimbs from the same cadaver. Seventeen feline and 11 canine tibiae were included in the study.
MORPHOMETRIC EVALUATION
Photographic documentation of the sagittal sections was made using a dissecting microscope h and
SpotSoftware image program 
CHAPTER V DISCUSSION AND CONCLUSIONS
It is well documented that feline tibial fractures have a high rate of delayed union and nonunion complications associated with healing (1, 2, 5, 6) . Furthermore, the literature suggests that a lack of adequate arterial supply may account for a large majority of delays in healing (2, (7) (8) (9) . Despite reports of a high complication rate of delayed union and nonunion feline tibial fractures, a quantitative analysis of the arterial supply of the feline tibia has not been documented. Using previously described methods (29) (30) (31) (32) , this study determined if either regional or species-related lack of arterial supply is indeed a risk factor for delays in tibial bone healing. Although there was no significant difference found in the intramedullary arterial density between dogs and cats, it should be noted that dogs do have a smaller nutrient artery than cats. This difference in vascular pattern could account for an overall similar intramedullary arterial density while greatly impacting the distribution of blood flow to the cortex. Perhaps, it is the subjectively observed increased arborization within the distal and mid-diaphysis of the canine tibiae that accounts for fewer problems observed in canine tibial fracture healing ( Figure 5 and 6) .
A.
B.
C. Irrespective of species, mammalian long bones have three sources of arterial supply: proximal and distal metaphyseal arteries, proper nutrient arteries, and periosteal vessels (10, 15, 16) . In a healthy cat, the caudal tibial artery, a branch of the popliteal artery, supplies the proper nutrient artery. Upon reaching the medullary canal, the nutrient artery branches proximally and distally, with terminal branches reaching the epiphyseal plate of cartilage and the cortices. Thirty percent of nutrient artery blood flow is responsible for vascularization of the medullary canal; the remaining 70% supplies blood flow to the inner two-thirds of the cortices (16) . Periosteal arteries supply the outer one-third of the cortices.
With a disruption of the long bone medullary blood supply following fracture, the periosteal blood supply, via the associated extraosseous soft tissue, provides the major blood supply to the healing bone and callus formation until the endosteal supply is re-established (7, 10, 23, 33) . The intact periosteum seals the fracture gap and the periosteal vessels re-vascularize the distal fracture segment. Thus integrity of the periosteum is vital in determining the rate of early healing of a fractured tibia. Damage to overlying soft tissues and periosteum with subsequent loss of periosteal vasculature can result in fracture healing delays in bony union. Therefore, it can be postulated that comminuted fractures will result in greater damage to periosteal vasculature, resulting in an increased incidence of delayed union and nonunion. While this is true, it is also possible that the increase in intramedullary branching observed in the small dogs of this study might result in a faster revascularization of the cortex once the medullary blood supply is reestablished. In addition, metaphyseal arteries in healthy animals do not supply a substantial contribution to the afferent vascular system (15) , but when the nutrient artery is damaged by fracture, the metaphyseal arteries hypertrophy and provide a temporary blood supply to metaphyseal cortices. More branching at the metaphysis in dogs, as seen in this study, may therefore offer another explanation for lower rates of nonunion and delayed union in tibial fractures in dogs.
There are obvious limitations of this study. Despite adequate visualization of black ink within the medullary canal, feline and small canine tibiae are very small bones; the mechanics of processing such small specimens can easily result in disruption of the associated vessels. Sagittal sectioning of the bone allowed for only one or two sections of bone to be adequate representations of the entire bone length. This is because sagittal sections cannot be mechanically created to follow the longitudinal path of the nutrient artery. Because the bone is not straight and is triangularly shaped at its proximal end, medullary blood vessels follow the bone contour and are easily cut or destroyed with pure linear sectioning, thereby spuriously reducing the observed percentage of arterial supply within the section of medullary canal. Despite this, all bones were processed with the same technique, thereby standardizing this potential error with all bones, feline and canine.
Many samples were lost to technical error in the beginning of the study due to a lapse in time between euthanasia and injection of India ink. We found that if specimens were injected later than one hour post-euthanasia, perfusion was inadequate, presumably due to intravascular thrombosis.
Ideally, animals injected immediately before euthanasia would yield the best perfusion; however, this option was not available to us. It is also important to inject the heparinized saline and India ink under constant manual pressure to yield the best perfusion. This was difficult to do because of the very small catheters (24 gauge) required for feline femoral artery and vein catheterization.
The small vessel size may be a limitation to obtaining optimal perfusion within the intramedullary canal. This may be evidenced by some bones exhibiting a blushing effect within the medullary canal, suggestive of a disruption of small arterioles secondary to the pressurized infusion of India ink ( Figure 7 ). between consecutive data for each bone image supports the contention that, within the limitations m, the specimens were consistently and uniformly adjusted to the same Although limitations exist with this method in its ability to delineate the fine detail of branching arterioles within the bone, the ImageJ method is far more objective than using the human eye to visually compare the obtained images, as has been used in previous morphometric vascular studies (30) (31) (32) (33) (34) . Although our ability to quantify the intramedullary arterial supply in cats and small dogs was somewhat limited by the technical aspects of the Spalteholz and ImageJ approach we used, other possible avenues such as corrosion casting/scanning electron microscopy or immunohistochemistry methods (35) seemed no more capable of accurately delineating the anatomy of the small branching vessels we observed in feline tibiae. Another alternative would have been to perform microangiography; this method was not available for us to use, but may provide an even better way to evaluate fine arterial supply.
This prospective study provided a quantitative description of the arterial supply of the adult feline tibia, thereby providing some insight to the question of why feline tibial fractures are anecdotally prone to delays in fracture healing. Although it appears the intramedullary arterial density between dogs and cats does not differ in total, thus validating our null hypothesis, the notable difference in the degree of arborization of small arteries and arterioles from the nutrient artery in dogs and cats suggests that the intramedullary arterial supply, as it leaves the nutrient artery and enters the cortex, may be more tenuous in the cat.
